The lipid profile was studied along the branch length, from the top, middle to base portion, of coral Montipora digitata to gain more insight into the physiological significance of lipids in the coral energy budget. The lipids of M. digitata consisted of seven major lipid classes: polar lipid, sterol, free fatty acid, unknown lipids 1 and 2, triacylglycerol (TG), and wax ester. The concentration of storage lipids, TG, and wax ester showed a top-base gradient along the length, whereas the levels of free fatty acid and unknown lipids showed a base-top gradient. The proportions of polar lipid and sterol in the top portion of the branch were slightly higher than those in the base portion. This observation appeared to be compatible with the view that the increased energy expenditure for proliferation enhanced the mobilization of the storage fuel lipids of wax ester and TG rather than the structure lipids of polar lipids and sterols at the top portion of the branch. Compositions of fatty acid also showed a length-wise diversity. The top portion had a lower proportion of palmitic acid (16 : 0) in all lipid classes of fatty acid ester, suggesting that this fatty acid was preferentially mobilized at the top portion, probably for the growth of coral cells.
INTRODUCTION
Scleractinian corals are rich in lipids, accounting for 9-47% of their dry weight. 1, 2 These store lipids are mainly derived from the release of photosynthetically fixed carbon sources by the algal symbionts (zooxanthellae), and are metabolized for the generation of energy or for the formation of planula larvae and eggs. [3] [4] [5] [6] The level of lipids in coral tissue varies with the environment conditions of light intensity, water temperature, and nutritional status. 7, 8 A previous study we conducted also showed the diversity of lipid and fatty acid compositions among 15 cnidarians from Okinawa, Japan. 2 Thus, the metabolism of store lipid appears to depend on the inputoutput balance of the cellular energy budget. In the case whereby the energy requirement is fully met by the adequate algal fixation of CO 2 , the synthesized fatty acid surplus is stored as a form of wax ester or triacylglycerol (TG). In the same sense, an increased energy demand in rapidly proliferating cells may reduce their storage lipid level. 6, 9 Coral tissue manifest a histological diversity along their longitudinal length. This view especially holds true for the branching corals: proliferating top tissues and non-proliferating lower portions. Lipids are the major source of fuel in mammals and may also be used in the synthesis of new cells. Therefore, the energy demanded by proliferating cells would reasonably exceed that by non-proliferating cells, which may be consequently reflected in the lipid profile of these tissues. Thus, it is of interest to study the lipid profile along the length of the branching coral Montipora digitata. The present study describes the differences in the lipid and fatty acid composition along the length of a coral branch for the first time, and discusses the physiological significance of this finding. 10 The chromatograms were scanned by an image scanner (GT-9000; Seiko Epson Co., Nagano, Japan) with a gray scale mode. The software used for scanning was Adobe Photoshop (Adobe Systems Inc., CA, USA). Percent compositions of the lipids were determined on the basis of band intensity by an image analysis program of NIH (National Institute of Health) image.
Lipid distribution in branching coral Montipora digitata

Analysis of fatty acids and fatty alcohol
The lipid fractions separated by the TLC plates were extracted from the silica gel with CM (2 : 1 v/v) at 40∞C for 60 min. The lipid fractions extracted were methylated by heating them with 5% anhydrous HCl in methanol (50∞C, overnight) and the fatty acid methyl esters were analysed by gas chromatography (GC14A; Shimadzu Co. Ltd, Kyoto, Japan) with a flame ionization detector. A fused silica capillary column with 0.2 mm inner diameter ¥ 50 m length (CBP1-M50-025; Shimadzu) was used with nitrogen carrier gas at a flow rate of 0.35 mL/min. The column temperature was programmed from 50∞C hold for 1 min, to 100∞C at a rate of 10∞C/min, and then raised to the final temperature of 270∞C at a rate of 5∞C/min.
In the case of the wax ester fraction, specimens were first transmethylated as described earlier to produce fatty acid methyl ester and free fatty alcohol. The reaction mixture was dried by flushing with a nitrogen stream, and reacted with N,Obis (trimethylsilyl) trifluoroacetoamide (BSTFA) at 60∞C for 10 min to trimethylsilylate, the free fatty alcohol. After evaporating the solvent, the resultant fatty acid methyl ester and trimethylsilylated (TMS) fatty alcohol were dissolved in ethyl acetate, and separated simultaneously using the non-polar capillary column as described earlier.
Analysis of sterols
Sterol fractions were extracted and concentrated to dryness, and were then trimethylsilylated by heating with BSTFA at 60∞C for 10 min. The reaction mixture was brought to dryness, and the reaction products were extracted into a minimal volume of ethyl acetate. The TMS derivatives of sterols were separated on the same non-polar column (CBP1). Column temperature was programmed from 1 min hold at 50∞C to a final temperature of 300∞C at a rate of 10∞C/min.
MATERIALS AND METHODS
Sampling site and extraction of lipids
The branching coral Montipora digitata was collected from the reef flat in front of a laboratory field station, Sesoko Station, Tropical Biosphere Research Center, University of the Ryukyus (26°38¢N, 127°52¢E), Okinawa, Japan. The branches were divided into three portions along their length: top 1 cm (top), 1-2 cm (middle), and 5-7 cm (base) from the top of the branch, respectively (Fig. 1) . In the present study, the separation of symbiotic algae from the hosts was not conducted. Samples were extracted with approximately 25 times the volume of chloroform-methanol (CM; 2 : 1 v/v), as described elsewhere. 2 The lipid extracts were centrifuged at 600 ¥g for 10 min to sediment the debris, and the supernatant was concentrated to dryness under a nitrogen stream. The crude lipid extract was re-dissolved in CM and stored at -20∞C until required for use.
Analysis of lipid composition
For analysis of total lipid composition, aliquots of lipid extract (ª 50 mg on the basis of band intensity) was applied to 10 cm ¥ 10 cm high-performance thin layer chromatography (HPTLC) plates (Merck Ltd, Tokyo, Japan). The plates were first developed full-length with hexane and benzene, successively, and finally half-length with hexane-ether-acetic acid (70 : 30 : 1 v/v). After drying in a stream of air, the plates were immersed in a mixture of phos-
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Gas chromatography-mass spectrometry
Fatty acid methyl ester, TMS alcohol, and TMS sterols were analysed by gas chromatographymass spectrometry (GC/MS). The spectrometer used was either a QP-1000EX (Shimadzu) or QP-1100EX (Shimadzu). The columns used and temperature programs were the same as those described earlier. The carrier gas was helium with a flow rate of 0.35 mL/min (18 cm/s). Each sample was ionized by electron impact at 70 eV for estimation of chemical structure, or by chemical ionization with isobutane as a reaction gas for the determination of molecular weight. Figure 2 shows the HPTLC chromatogram of the extracted lipids from M. digitata. The lipids from M. digitata consisted of seven major subclasses: polar lipid (PL), sterol, free fatty acid (FFA), unknown lipid 1, triacylglycerol (TG), unknown lipid 2, and wax ester. Among the lipids separated, the presence of unknown lipids 1 and 2 was noted for the first time. A preliminary experiment we did on the chemical structure found that the unknown lipid 2 appeared to be a fatty acid ester of unknown lipid 1 (data not shown). In a previous survey we conducted of lipid classes in 15 Okinawan cnidarians, we found the presence of the same type of lipid in Montipora aequituberculata only with comparable migration on HPTLC. 2 The presence of this lipid may be rather specific to this species or to the genus Montipora. The chemical structure for the unknown lipid will be studied in a forthcoming study. Table 1 lists the lipid profile of Montipora digitata along their length from the top to the middle, and to the base portion. It is seen that the concentration of the storage lipid of wax ester and TG tended to increase along the branch length from the top to the base portion. In contrast to this increasing trend for storage lipid in the base portion, the concentrations of FFA, unknown lipids, and sterol ester tended to decrease along the length toward the bottom portion of the branch. The concentrations of polar lipid and sterol essentially showed a similar trend, but to a lesser degree. Table 2 Data are percent of peak area, and expressed as mean ± SE (n = 3).
RESULTS
FFA, free fatty acid; TG, triacylglycerol; MADAG, monoalkyldiacylglycerol; WE, wax ester; SE, sterol ester. in saturated and/or polyunsaturated fatty acids compared with the top portion. Table 3 lists the fatty acid composition of TG from different portions of M. digitata. As shown for polar lipid, the largest fatty acid component was 16 : 0, with an increasing trend of concentration toward the base portion of the branch. Also of note is that the concentration of polyunsaturated fatty acid, with the exception of 22:4, tended to increase toward the lower portion. Thus, the similar propensity seen with polar lipids was essentially reproduced in this lipid fraction.
In comparison with the case for polar lipids or TG, rather limited numbers of fatty acids or alcohols consisted of wax ester (Table 4 ). There was an increasing tendency of saturated fatty acids toward the base portion, mainly due to an increase in the concentration of 16 : 0 fatty acid. In this case, the long-chain fatty acid (C > 18) appeared to decrease with the concentration of 16 : 0 fatty acid along the branch length. The sum of polyunsaturated fatty acids in this fraction was much lower than those for polar lipids and TG, and decreased toward the base portion along the branch length.
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H Oku et al. Data are percent of peak area (n = 2). When studying the fatty alcohol composition of wax ester, the most abundant component was 16 : 0 fatty alcohol, and comprised more than 80% of total fatty alcohol throughout the branch length, as shown in Table 5 . The percentage of 16:0 fatty alcohol in the top portion was lower than that in the base portion. Thus, the trend seen with its fatty acid counterpart appeared to be reflected in the fatty alcohol profile, with a rather higher saturation level than its fatty acid counterpart.
In contrast to polar lipid, TG, and wax ester, the fatty acid compositions of the free fatty acid fraction were roughly comparable along the branch length, with 16:0 again being the most prominent component (data not shown).
We have reported previously that sterol composition is useful as a hallmark for the biochemical classification of cnidarians. 2 Although M. digitata is rich in both campesterol and 24-methylenecholesterol, no difference along the longitudinal length was noted in the present study (Table 6 ).
DISCUSSION
The lipid profile was studied along the branch length of M. digitata. The level of storage lipid, wax ester, and TG, showed a top-base gradient along the length; that is, the levels in the top portion was lower than those in the base portion. The level of Data are percent of peak area (n = 2).
lipid in the coral cells varies as a function of input-output balance of cellular energy flux. In the case whereby the energy requirement of the cell is fully met by algal photosynthesis or by heterotrophic feeding, the storage lipid level may increase in accordance with the elevated input of carbon flux into the cell. Thus, the reason for the decreased storage lipid may be either because of decreased input or increased output. Previous studies have shown that the concentration of lipid in symbiotic corals is proportional to the amount of light available for photosynthesis. 7, 11 Although the symbiotic corals have a heterotrophic carbon source, shallow-water corals are essentially photo-autotrophic and are able to maintain high lipid levels. Thus, the rate of algal photosynthesis appears to be the most critical factor for the storage lipid level. 11, 12 Therefore, the reduced level of wax ester and TG may be due to decreased algal photosynthesis. In this context, it is noteworthy that the top of the coral branch housed much fewer numbers of symbiotic zooxanthellae in the cells compared with the base portion of the branch. 13 The reduced level of storage lipid may be a reflection of the reduced distribution of symbiotic zooxanthellae in this portion. Furthermore, it has been demonstrated in the branching coral Stylophora pistillata that photosynthate production from NaH 14 CO 3 showed a length-wise difference.
14 After 24 h of incubation in situ, a significantly reduced amount of 14 C was found in the branch top (upper 0.5 cm) compared with the mid zones (0.5-1.0 cm) and base (1.0-2.5 cm). The photo-assimilation capability of the top portions appeared to be less than the base parts of the branch. This explanation may, in part, be applicable to the current observation, especially to the lower level of storage lipid at the branch top.
An alternative explanation for the decreased storage lipid level may be because of the increased energy expended by the proliferating cells of the top portion. It is plausible that the rapidly growing cells of the top portion may have increased respiration requirements for the assembly of the new daughter cells. 15 An independent observation on tumorous coral tissues has also found decreased TG and wax ester levels in this tissue compared with normal tissue, thus favoring this alternative view. 16 A direct gravimetric determination of the net lipid content was not made in the present study because a limited amount of lipid was available for this species (a 1 cm length of branch usually yields less than 1 mg of total lipids). Although the present study gives only a qualitative view of the lipid profile, the qualitative differences observed may reasonably accompany the quantitative changes. Because wax ester and TG are the major storage lipid components of coral tissues, the decreased proportions of these lipids show decreased net lipid content in this tissue. In the case of tumor coral cells, lower proportions of wax ester and TG are actually accompanied by a decreased net lipid content. 16 Thus, lipid content in the top portion may be lower than that in the base portion, which may be explained by either decreased lipogenesis or increased lipolysis, probably for the cell growth in this portion.
The results demonstrated that there were differences in the fatty acid and lipid compositions between the top and base portions of the branches. Consistent with previous results, the major fatty acid component was 16 : 0 (palmitic acid) for all lipid classes of M. digitata. 2 Every lipid class in the top portion had a lower proportion of 16:0 acid compared with those in the base portion of the branch, suggesting that this fatty acid was preferentially mobilized at the top portion probably for the growth of coral cells.
Lipids are useful biomarkers because some fatty acids are specific to a particular organism. 17 For this reason, lipids have been used as chemical tracers of nutrient transfers in reef communities, 18, 19 as well as an index to evaluate the carbon source in marine environments. 20, 21 In this context, it has been suggested that the presence of polyunsaturated fatty acids in symbiotic corals may indicate an external carbon source such as zooplankton. 19 Thus, the absence of polyunsaturated fatty acid may indicate a reliance upon the translocation of algal lipid or photosynthetate. When considering the changing lipid composition along the branch length, the results demonstrated a top-base gradient for the concentration of polyunsaturated fatty acid. Therefore, the reduced proportion of polyunsaturated fatty acid in the top portion may be related to the reduced dependence of this portion on a heterotrophic mode of nutrition, 22 or to the accelerated utilization of these polyunsaturated fatty acids at the top portion.
